The influence of route of delivery, ambient temperature, maternal dexamethasone treatment, and postnatal age on plasma concentrations of leptin or leptin mRNA abundance in perirenal adipose tissue was examined from 6-h-old lambs, born vaginally or delivered by cesarean section into warm (30°C) or cool (15°C) ambient temperatures, and from cesarean section-delivered lambs whose mothers had been treated with dexamethasone beginning 2 d before parturition. The ontogeny of leptin during the first month of postnatal life was also examined. In lambs born into a cool ambient temperature, but not in those born to dexamethasone-treated mothers, leptin mRNA abundance decreased within 6 h of birth. Plasma concentrations of leptin decreased during the first 6 h of life, an adaptation delayed by cesarean section birth. After the first day of postnatal life, both plasma concentrations of leptin and its mRNA increased to peak at 7 d of age and were positively correlated with each other, as well as with whole-body and perirenal adipose tissue weights. A similar relationship was not observed after 7 d of age, as plasma leptin declined despite an increase in adipose tissue weight. In conclusion, route of delivery, ambient temperature, or maternal dexamethasone therefore delays the rate of leptin disappearance after birth. Concomitantly, leptin abundance was only associated with body and adipose tissue weights for 1 week after birth, which may be coincident with the onset of peak lactation and the time at which nutrient supply should no longer be limiting to the neonate. Leptin, the product of the obese (ob) gene is secreted predominantly, but not exclusively, from adipose tissue (1, 2) . In adults, leptin regulates both food intake and energy expenditure (3) . Its role in the fetus and neonate, however, remains to be fully determined. Plasma concentrations of leptin have been shown in a variety of studies to increase with gestational age in conjunction with an increase in fetal adipose tissue deposition and mRNA abundance for leptin (4, 5) . Within a few hours of birth, plasma leptin levels rapidly decline coincident with removal of the placenta (6, 7) and the need for the newborn to maximize food intake as it establishes independent thermoregulation. These temporal changes in leptin coincide with maturation of the hypothalamic-pituitary axis and other changes in fetal adipose tissue, including the gradual rise in UCP1 (8) .
Normal parturition at term is associated with a dramatic rise in UCP1 abundance and function (9) before down-regulation during the first days and weeks of postnatal life (10) . The parallel increase in leptin (5) and UCP1 mRNA (11) with increasing gestation occurs at the same time that fetal cortisol production is rising (12) . Maternal antenatal steroid treatment increases neonatal plasma leptin (13) and UCP1 function (14) , but effects on leptin mRNA have not yet been determined. The newborn's ability to thermoregulate is enhanced by maternal dexamethasone administration, and the magnitude of response is influenced by delivery temperature (14) . It is not known, however, whether route of delivery and ambient temperature influence leptin status in the newborn.
Plasma concentrations of leptin in umbilical cord blood were shown to be positively correlated with birth weight and s.c. fat mass in normally delivered infants (4). Premature infants, or those born with intrauterine growth restriction, have reduced plasma leptin (4), whereas infants born to mothers with gesta-tional diabetes have higher plasma leptin and more s.c. fat (13) . A current point of debate is the extent to which fetal leptin is produced from the placenta or the fetus and, therefore, whether a change in placental size or adipose tissue abundance explains these differences (15) . Infants born with intrauterine growth restriction often have small placentas, whereas infants of diabetic mothers usually have large placentas.
Plasma leptin appears to remain low after birth (16) , and in rat pups, leptin treatments are known to induce weight loss and adipose tissue mobilization (17) . It is possible that peripheral levels of leptin are maintained at low levels after birth to ensure that the neonate's appetite is high and adipose tissue deposition is maximized. This could contribute to the large amounts of adipose tissue deposited after birth, particularly in both infants and lambs, which act to improve insulation and provide an endogenous energy store. The present study was conducted to determine whether 1) route of delivery, ambient temperature, or maternal dexamethasone treatment influences plasma leptin or leptin mRNA abundance in adipose tissue, and 2) postnatal changes in adipose tissue deposition and leptin status are related.
Lambs have minimal adipose tissue stores (1 to 2% body weight) at birth located primarily in the perirenal area. Heat production from UCP1 in adipose tissue is maximally activated immediately after birth and is dependent on delivery temperature (9) . During the first month of life, as UCP1 disappears, growth of perirenal adipose tissue is greater than any other tissue (10) and would, therefore, be predicted to result in elevated plasma leptin. However, the effects of delivery temperature or postnatal age on leptin mRNA abundance have not been investigated.
METHODS

Animals
Study 1: Adaptation at the time of birth. Study 1A: Effect of delivery temperature and maternal dexamethasone treatment. Eight Bluefaced-Leicester cross Swaledale ewes of recorded mating date and confirmed as bearing triplets were entered into the study. All ewes were individually housed 4 weeks before predicted lambing date and fed a daily diet of 0.4 -0.6 kg of concentrate and 1.2 kg of hay sufficient to fully meet the total energy requirements for a late-gestation ewe. A summary of the experimental protocol is illustrated in Figure 1 . Briefly, at 138 d gestation, four ewes were randomly selected and given an intramuscular injection of dexamethasone (8 mg Dexadreson; National Veterinary Supplies, Stoke, U.K.). Cesarean section delivery was then performed on day 140 as described by Clarke et al. (9) while the four untreated ewes gave birth on d 146. Lambs from untreated ewes were not delivered at 140 d gestation, as they remain hypothermic and seldom survive beyond 2 h after birth if born by cesarean section (18) . For each ewe, one lamb was immediately placed in a warm ambient temperature of 30°C and its sibling into a cool ambient temperature of 15°C. The remaining fetus was euthanized by i.v. administration of barbiturate (100 mg/kg pentobarbital sodium; Euthatal, National Veterinary Supplies). Perirenal adipose tissue was immediately removed, placed in liquid nitrogen, and stored at Ϫ80°C until analyzed. Similarly, perirenal adipose tissue was sampled from warm-and cool-delivered lambs at 6 h of age. All lambs remained unfed.
Study 1B: Effect of route of delivery. Twenty Bluefaced Leicester cross Swaledale ewes of recorded mating date and confirmed as bearing twins were entered into the study. All ewes were individually housed and fed as described in study 1A. Ten sets of twins were delivered by caesarean section at 146 d gestation into warm or cool ambient temperatures as outlined in study 1A. An umbilical cord blood sample was taken immediately before cord clamping. A jugular vein catheter was then inserted into each lamb after local anesthesia as described by Clarke et al. (9) , and blood samples were taken hourly for the first 5 h after birth. Samples were drawn into heparinized syringes, transferred to ice-cold tubes, and centrifuged at 3000 rpm for 15 min, and the plasma was removed and stored at Ϫ20°C until analyzed. A similar protocol was performed on the remaining lambs that were all born normally at term, with the modification that it was not possible to obtain umbilical cord samples. There was no effect of delivery temperature on plasma leptin in either cesarean section or vaginally delivered lambs, so only mean results with respect to route of delivery are shown.
Study 2: Postnatal Ontogeny. Twin lambs born normally at term to 22 Bluefaced Leicester cross Swaledale ewes and reared with their ewes were entered into the study. In 16 twins, one lamb from each ewe was randomly assigned to each sampling date, i.e. within 1 h of birth, or 1, 2, 4, 7, 14, 21, and 30 d after birth, with all ewes rearing single lambs after 4 d. Jugular venous blood samples were taken from all lambs as described above (study 1A), and each lamb was euthanized to enable perirenal adipose tissue sampling. To further assess the effect of postnatal age, in the remaining six ewes, one lamb was sampled within 6 h of birth and its twin sampled at 30 d. All operative procedures and experimental protocols had the required Home Office approval as designated by the Animals (Scientific Procedures) Act (1986). 
Laboratory Analysis
Total RNA was isolated from perirenal adipose tissue using Tri-Reagent (Sigma Chemical Co., Poole, U.K.). To maximize sensitivity, a two-tube approach to RT was adopted. The conditions used to generate first strand cDNA (RT) were 70°C (5 min), 4°C (5 min), 25°C (5 min), 25°C (10 min), 42°C (1 h), 72°C (10 min), and 4°C (5 min). The RT reaction (final volume 20 L) contained 5ϫ cDNA (first strand) buffer (250 mM Tris-HCl, 40 mM MgCl 2 , 150 mM KCl, 5 mM dithioerythritol, pH 8.5), 2 mM deoxyribonucleotides, 1ϫ hexanucleotide mix, 10 U of RNase inhibitor, 10 U of M-MLV reverse transcriptase, and 1 g of total RNA. All these commercially available products were purchased from Roche Diagnostics Ltd (Lewes, U.K.).
A set of cDNA primers to the ovine leptin gene was designed, 5'-CACCAAAACCCTCATCAAGACG-3' (27-58) and 5'-ACATTTCTGGAAGGCAGACTGG-3' (197-228, Genbank U84247), which generated a 192-bp intron-spanning product. Quantum RNA alternate 18S internal standards (Ambion, Abingdon, U.K.) were included in the multiple PCRs. The conditions of these were as follows: 94°C (2 min) one cycle; 94°C (30 s), 60°C (30 s), 72°C (1 min) 30 cycles; 72°C (7 min) one cycle. The PCR reaction (final volume, 20 L) contained 10ϫ PCR buffer (100 mM Tris-HCl, 15 mM MgCl 2 , 500 mM KCl, pH 8.3), 500 M deoxyribonucleotides, 1mM each leptin primer, 3.75 U Taq polymerase. Agarose gel electrophoresis (2.0%) and ethidium bromide staining confirmed the presence of both leptin and 18S products of the expected sizes.
Plasma concentrations of cortisol were measured by ELISA as described by Clarke et al. (14) . Leptin was determined using a validated double antibody RIA as described by Delavaud et al. (19) . Plasma concentrations of leptin were assayed in duplicate 200-L samples using a rabbit anti-ovine leptin primary antibody, iodinated ovine leptin, and sheep anti-rabbit secondary antibody. The leptin intra-and interassay coefficients of variation were 4 and 11% (n ϭ 5), respectively.
Statistical Analyses
Data were subjected to Kolmogorov-Smirnov analysis to determine the distribution around the median. Normally distributed data were compared among groups by ANOVA, with nonparametric data compared by Mann-Whitney U Test. When multiple comparisons were performed, multiple-way ANOVA or Kruskal-Wallis tests were used for nonparametric and parametric variables, respectively. Values are presented as means with SEM, and p Ͻ 0.05 was taken to indicate a significant difference.
RESULTS
Study 1: Adaptation at the time of birth. Study 1A: Effect of delivery temperature and maternal dexamethasone treatment.
Among near-term control lambs delivered by cesarean section into a cool, but not a warm, ambient temperature, abundance of leptin mRNA decreased significantly (p Ͻ 0.05) when compared with that observed in the fetus (Fig. 2A) . In contrast, for dexamethasone-treated lambs no effect of delivery temperature on leptin mRNA was observed (Fig. 2B) .
Study 1B: Effect of route of delivery. In all cesarean sectiondelivered lambs, plasma leptin decreased after birth (Fig. 3) , with the result that by 2 h after birth values were similar to those born vaginally. There was no difference in leptin mRNA between cesarean section versus vaginally delivered lambs at 6 h of age (cesarean section, 4.5 Ϯ 4% 18s rRNA; vaginally delivered, 9 Ϯ 3% 18S rRNA). In vaginally delivered lambs, but not those born by cesarean section, there was a significant positive correlation between body weight and plasma leptin (r 2 ϭ 0.22; y ϭ 1.26x ϩ 3.45; n ϭ 20; p Ͻ 0.05). Although there was no effect of lamb sex on plasma leptin or perirenal adipose tissue weight, a significant positive correlation between plasma leptin and adipose tissue weight per kilogram of body weight was observed in male, but not female, lambs born by cesarean section (r 2 ϭ 0.85; y ϭ 3.36x ϩ 0.66; n ϭ 7; p Ͻ 0.001). Study 2: Postnatal ontogeny. Plasma concentrations of leptin increased during the first 7 d after birth and then decreased in lambs to 1 month of age (Fig. 4A ). This was associated with an increase in leptin mRNA abundance during the first 7 d of postnatal life (Fig. 5) . Leptin mRNA abundance then declined, and there was no difference in either plasma leptin (e.g. Between birth and 7 d of age, i.e. during the period in which plasma leptin increased, plasma leptin was positively correlated to whole body and perirenal adipose tissue weights and mRNA abundance, which was also positively correlated with whole body and perirenal adipose tissue weights (Fig. 6) . During the 7-d period in which both plasma leptin and its mRNA increased, plasma cortisol declined (Fig. 4B) . Leptin mRNA abundance was negatively correlated with plasma cortisol during this period (r 2 ϭ 0.72; y ϭ Ϫ0.304x ϩ 77; n ϭ 9; p ϭ 0.002). Similar relationships were not observed at subsequent ages, i.e. from 7 to 30 d after birth when plasma leptin decreased and plasma cortisol remained unchanged.
DISCUSSION
The major finding in the present study is that the decline in plasma leptin within 6 h after birth is coincident with the loss of mRNA for leptin in adipose tissue and that these changes are dependent on delivery temperature. These findings indicate that a decrease in leptin secretory capacity within adipose tissue as well as removal of the placenta as a fetal source of leptin may both contribute to a decrease in plasma leptin after birth (7) . In lambs delivered by cesarean section delivery into a cool ambient temperature, leptin mRNA abundance was at the lower limits of detection (20) . Low leptin mRNA might benefit the neonate by reducing leptin secretion into the circulation, thereby maximizing the appetite of the animal at a time when metabolic demands are high (9) . These results are in accord with those from newborn rats in which food withdrawal and concomitant negative energy balance results in a reduction in leptin mRNA (21) . The decline in plasma leptin after birth 87 is in accord with findings in infants (6, 7), although as discussed below, fetal lambs have much lower leptin concentrations than infants.
The difference in leptin mRNA with respect to delivery temperature was not associated with immediate changes in plasma leptin, which normally determines appetite, and may be determined by rate of clearance from the circulation rather than production rate. In this respect, there was a delay in the decline in plasma leptin after cesarean section, compared with vaginal birth, which could be a result of the initial suppressed metabolic rate in cesarean section-delivered lambs as colonic temperature declines (9), thereby reducing leptin clearance. Once the lamb has effectively adapted to the extrauterine environment, plasma leptin and mRNA abundance are positively correlated during the first week of postnatal life. This adaptation may be partly mediated by the decrease in plasma cortisol, which similarly occurred during the first 7 d of neonatal life. Plasma cortisol was negatively correlated with leptin mRNA abundance, suggesting that cortisol does not enhance leptin secretion in vivo after birth (22) , although this remains to be studied in detail.
Dexamethasone and leptin. The effect of delivery temperature on leptin mRNA was not apparent in lambs born to ewes that had been administered with dexamethasone for 2 d before delivery. Dexamethasone promotes maturation of brown adipose tissue to the extent that lambs born 1 week prematurely are better able to effectively thermoregulate and have more UCP1 (14) . Clinical studies have demonstrated plasma leptin to be increased 3-fold after maternal steroid treatment (13), although whether this was because of a change in leptin secretion by the placenta or fetal adipose tissue has not been established. We have shown that dexamethasone had no effect on leptin mRNA abundance in lambs. It should be noted, however, that plasma leptin concentrations in cord blood of lambs are appreciably lower than reported in infant cord blood. The lower levels of leptin in term-lambs compared with infants In adults, both peripheral and central adipose tissue stores are equally sensitive to the positive effect of dexamethasone on leptin mRNA expression in vitro (23) . The lack of a reduction in leptin mRNA in cool-delivered dexamethasone-treated lambs may be indicative of increased mRNA stability (24) and override any peripheral signals, such as increased catecholamines, which would normally inhibit leptin secretion (25) . These temperature-related differences in leptin mRNA abundance could have contributed to the improved thermoregulation after cesarean section birth into a cool ambient temperature (14) . To this extent, an acute increase in plasma leptin improves the ability of neonates to maintain colonic temperature (26) .
Leptin and postnatal development. Another major finding of the present study is that we have shown a concomitant rise in plasma leptin and leptin mRNA in parallel with increased perirenal adipose tissue deposition during the first 7 d of neonatal life. The postnatal rise in leptin is in accordance with findings in rat pups in which circulating concentrations of leptin peak at 10 d after birth (27) . In lambs, plasma leptin and mRNA in adipose tissue were both positively correlated with whole body and perirenal adipose tissue weights. After 7 d of age, although adipose tissue growth continues, there is a decline in plasma leptin and mRNA but no correlation between these variables. The rise in leptin during the first week of neonatal life occurs in parallel with an increase in cell volume (28) but no change in adipocyte number (29) . It also coincides with the period in which plasma cortisol declines and thyroid hormone concentrations increase (30) ; as the lamb improves its thermal efficiency, colonic temperature increases from 39°to 40°C (31) and UCP1 disappears (10) . These adaptations, together with the positive effect leptin can have on thermoregulation (26) , will all act to promote the partition of endogenous energy toward tissue growth rather than heat production.
It is hypothesized that leptin has a direct or permissive role in growth regulation only during late gestation (5) and the immediate neonatal period. The potential influence of leptin on growth may be limited to specific periods when nutrient supply is limited, namely, when the fetus is dependent on the placenta, and the lamb on initiation of lactation, to meet all their nutrient requirements. Indeed, it is has been proposed that one signal for the onset of parturition is failure to fully meet the energy requirements of the fetus (32, 33) . It is only once lactation is fully established, and food intake is no longer limited by substrate availability, that leptin production by adipose tissue declines, ensuring maximal dietary intake.
In conclusion, leptin mRNA abundance can be determined by delivery temperature and is developmentally regulated during the first week of neonatal life. During these first few hours after birth, modest changes in ambient temperature or maternal dexamethasone administration can alter leptin mRNA abundance, which may contribute to altered adipose tissue function in postnatal life. 
